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Recent proposals for spin-1 Kitaev materials, such as honeycomb Ni oxides with heavy elements of Bi and Sb,
have shown that these compounds naturally give rise to antiferromagnetic (AFM) Kitaev couplings. Conceptual
interest in such AFM Kitaev systems has been sparked by the observation of a transition to a gapless U(1)
spin liquid at intermediate field strengths in the AFM spin-1/2 Kitaev model. However, all hitherto known
spin-1/2 Kitaev materials exhibit ferromagnetic bond-directional exchanges. Here we discuss the physics of the
spin-1 Kitaev model in a magnetic field and show, by extensive numerical analysis, that for AFM couplings
it exhibits an extended gapless quantum spin liquid at intermediate field strengths. The close analogy to its
spin-1/2 counterpart suggests that this gapless spin liquid is a U(1) spin liquid with a neutral Fermi surface, that
gives rise to enhanced thermal transport signatures.
Quantum spin liquids are disordered phases of matter that
exhibit fractionalization of the underlying spin degrees of
freedom and an associated emergent gauge structure [1–4].
These properties manifest in various guises, with a rich vari-
ety of quantum spin liquid (QSL) states theoretically studied
so far, and a number of associated material candidates identi-
fied [5–7]. A powerful framework to describe these states is
the idea of splitting the fundamental spin degrees of freedom
into constituent partons, either fermions or bosons. These de-
scribe the low-energy fractionalized quasiparticles of the QSL
state, and are naturally accompanied by a gauge structure that
enforce local constraints. However, making concrete connec-
tions between these theoretical concepts, candidate materials
and experimental signatures remains a challenge [6].
One of the most well-studied models for a QSL is Kitaev’s
honeycomb model [8]. This spin-1/2 model, consisting of
bond-dependent Ising interactions, is in fact exactly solvable.
Using fermionic partons, the ground state corresponds to a
nodal superconductor (SC) coupled to a static Z2 gauge field
– a gapless Z2 QSL [9]. Dominant Kitaev interactions can
actually be realized, given the right ingredients, in a number
of spin-orbit entangled j = 1/2 Mott insulators [10]. These
Kitaev materials have been shown to display many properties
similar to those theoretically predicted for the Kitaev model,
despite the inevitable presence of additional non-Kitaev inter-
actions that drive magnetic order at the lowest temperatures
[11–18]. Though there is ongoing debate over the relevant
form and magnitude of such non-Kitaev interactions, it is gen-
erally accepted that the dominant Kitaev interaction is ferro-
magnetic (FM) in nature [19, 20].
The nodal structure of the Kitaev QSL can be gapped out
by applying an infinitesimal magnetic field, producing a non-
trivial topological SC of fermionic partons [9]. This state con-
tains non-Abelian anyon excitations [21], the vortex excita-
tions of the SC, and a chiral Majorana edge state, which gives
a half-quantized thermal Hall conductance [8]. In the case
of FM Kitaev interactions, relevant for the traditional set of
j = 1/2 candidate materials, further increasing the magnetic
field quickly destroys the topological state and leads directly
to the trivial partially polarized state [22]. On the other hand,
for antiferromagnetic (AFM) interactions, increasing the field
leads to a transition (at considerably higher magnetic field
strength [23, 24]) to a gapless QSL with an emergent U(1)
gauge structure [25–30], akin to 2+1d quantum electrodynam-
ics. In the parton framework, this corresponds to a SC to metal
transition, resulting in the unusual situation of a magnetic in-
sulator with an emergent Fermi surface. The possibility of
realizing such an exotic state motivates the search for new Ki-
taev material candidates that naturally realize dominant AFM,
rather than FM, Kitaev interactions.
A recent theoretical study [7] suggested a new class of Ki-
taev materials that realize a spin-1 version of the Kitaev hon-
eycomb model, with a number of specific material candidates
proposed. Crucially, the microscopic mechanism responsible
naturally leads to an AFM sign of the bond-directional in-
teraction. The necessary ingredients include strong Hund’s
coupling between cation eg electrons and strong spin-orbit
coupling for the anion electrons. Examples include honey-
comb Ni oxides such as A3Ni2XO6 with A = Na, Li, and
X = Bi, Sb. Notably, while they exhibit zigzag magnetic or-
dering at low temperature, specific heat measurements show
an entropy plateau of 1/2 log 3 well above the Ne´el temper-
ature [31], suggesting strong fluctuations indicating proxim-
ity to Kitaev dominated physics. Though the spin-1 Kitaev
model, relevant to these materials, is not exactly solvable, it
shares many of the same properties and phenomenology of the
spin-1/2 version [32]. This raises the immediate question of
how the spin-1 model behaves in the presence of a magnetic
field and specifically whether a gapless U(1) QSL appears,
that is thus amenable to physical realization in this new class
of materials.
Here, we study the spin-1 Kitaev model in an external mag-
netic field using numerical exact diagonalization techniques
[33, 34]. By computing a range of static, dynamical and finite
temperature properties we show that the field-driven physics
of the spin-1 model bears many striking similarities to the
spin-1/2 case. For example there is a clear intermediate field
regime with a dense continuum of states carrying featureless
spin spectral weight at very low energies. We argue that the
spin-1 model indeed realizes a gapless U(1) QSL at inter-
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2mediate fields, and comment on its stability and experimen-
tal fingerprints in material candidates. We briefly remark on
the low-field regime and the potential nature of a Z2 QSL
there. Finally, we investigate the effects of adding a finite
FM Heisenberg interaction, the most relevant additional term
produced by the microscopic mechanism of Ref. [7].
Model.– The Kitaev honeycomb model consists of bond-
dependent Ising interactions between local moments. Here,
we are interested in the case of spin-1 local moments, with
the field dependent Hamiltonian given by
H = K
∑
〈i,j〉∈γ
Sγi S
γ
j −
∑
i
h · Si , (1)
where K > 0 is an AFM Kitaev coupling and the bond direc-
tions are denoted by γ ∈ {x, y, z}. The magnetic field can in
principle point in any direction. Here, we focus on a generic
direction away from any special high-symmetry lines, specif-
ically a field tilted pi/24 away from the [111] direction toward
the [11¯0] direction, ensuring that hx 6= hy 6= hz [35] (tilt-
ing the field further does not result in qualitative changes to
the results presented here). For material candidates, the [111]
direction naturally corresponds to the out-of plane c-axis.
In the absence of an external field, the model
has an extensive number of conserved quanti-
ties. These are given by the plaquette operators
Wp = exp
[
ipi
(
Sxi + S
y
j + S
z
k + S
x
l + S
y
m + S
z
n
)]
, where
Sαi is the spin at site i with α the bond not included in the
plaquette and with Z2 eigenvalues 〈Wp〉 = ±1. Though this
is not enough to ensure an exact solution, as in the spin-1/2
case, it does guarantee that spin-spin correlation functions
precisely vanish beyond nearest-neighbor [32]. There is
thus no possibility of conventional long-range magnetic
order. Furthermore, applying a spin operator Sαi at site i
flips the sign of 〈Wp〉 on the two plaquettes neighboring
the α-bond. Numerically, the ground state is found in the
sector 〈Wp〉 = +1,∀p [36], as in the spin-1/2 case. The spin
operator Sαi thus creates two plaquette excitations, i.e. two
plaquettes with 〈Wp〉 6= +1.
Phase diagram in field– The general form of the in-field phase
diagram can be mapped out by identifying phase boundaries
through scans of the energy spectrum of the above Hamilto-
nian as a function of field magnitude h, as well as the sec-
ond derivative of the ground state energy d2E0/dh2. Results
from such scans are shown in Fig. 1 for an N = 18 site
cluster (which maintains all of the symmetries of the honey-
comb lattice). There are three distinct regions clearly visi-
ble, separated by sharp signatures in E0. The high-field re-
gion, h > 1.16, is easily identifiable as the partially polar-
ized (PP) state, smoothly connected to a trivial fully polarized
product state as h → ∞. The spectrum in the low-field re-
gion, h < 0.64, is structurally similar to the zero-field limit.
We thus refer to this region as the Kitaev spin liquid (KSL)
region, and will discuss it in more detail later. Finally, the in-
termediate region, 0.64 < h < 1.16, presents a new phase,
fundamentally distinct from either of the limits h → 0 or
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FIG. 1. (a) Energy spectrum as a function of field for the N = 18
site symmetric cluster. For each field value the ten lowest energy
states in each momentum sector are shown. (b) Second derivative
of the ground state energy as a function of field. The dotted lines
indicate peaks in the second derivative with thick (thin) lines indicat-
ing strong (weak) features.
h → ∞. It is clearly marked by a dense continuum of low-
energy states, e.g. for the N = 18 site cluster used here there
are∼100 states with energiesE−E0 < 0.02K. This remark-
able low-energy density of states strongly suggests the pres-
ence of gapless excitations, and we thus label it as the gapless
intermediate phase (GIP). Due to the high computational cost
of diagonalization, it is unfortunately not possible to carry out
a thorough finite-size scaling analysis of this region.
The phase diagram and spectrum bear remarkable resem-
blance to the spin-1/2 case. Indeed, scaling the field mag-
nitude by the spin length S, the upper and lower critical
fields for the intermediate phase are h/S = 0.85, 1.18 for
the spin-1/2 case, and h/S = 0.64, 1.16 for the spin-1 case
(for the same N = 18 site cluster and field angle). However,
we note that in the spin-1 case there are two additional weak
features in d2E0/dh2, shown in Fig. 1(b), at h = 0.28 and
h = 0.96. These fields do not correspond to any qualitative
changes in other physical quantities (as evidenced in Figs. 2
and 3), unlike the sharp peaks discussed above, and thus may
simply be a result of finite-size effects, though this requires
further study.
Note that for a FM Kitaev coupling the structure of the
phase diagram of the spin-1 model is identical to that of the
spin-1/2 model [24, 25]. There is just a single phase transition
as a function of field, from the low-field KSL to the high-field
PP phase, at a critical field of h = 0.04, an order of magnitude
smaller than the AFM case. This dramatic disparity in criti-
cal fields is, as in the spin-1/2 case [25], a direct consequence
of the different sign of the ground state spin-spin correlations,
FM vs AFM, with the FM ground state being much more sus-
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FIG. 2. Dynamical spin structure factor at the Γ′ point, S (Γ′, ω).
At low-fields there is a clear gap, which vanishes on entry to the
intermediate phase, and then re-opens in the polarized phase with
a single sharp mode present, corresponding to the lowest magnon
excitation.
ceptible to polarization by a uniform magnetic field.
Intermediate phase.– The nature of the intermediate phase,
and its similarities to the spin-1/2 case, can be readily seen
in its dynamical and finite temperature properties. In Fig. 2
we show the dynamical spin structure factor at the Γ′ point
(we plot only the diagonal contributions
∑
α S
αα (Γ′, ω)). At
zero field, there is a clear gap in the dynamical structure fac-
tor, with a strong feature at ω = 0.16. This is true despite
an abundance of states within the gap, they simply carry zero
spin spectral weight and are thus invisible in such a plot. As
the structure factor measures the response to single spin ex-
citations Sαi which, as discussed above, correspond to pla-
quette excitations, this indicates that plaquette excitations are
gapped at zero-field. As the field is increased, the gap gets
smaller and smaller, and the intensity of the feature signif-
icantly decreases, until it reaches zero energy at the transi-
tion to the intermediate phase. In the intermediate phase itself
the spin spectral weight remains concentrated at low energies,
spread between the dense continuum of low-lying states seen
in Fig. 1(a). This behavior is almost identical to the spin-1/2
case, in which the gap represents the energy scale for creat-
ing a pair of flux excitations of a Z2 gauge field [37]. There,
the collapse of the gap has been interpreted as marking the
transition from a gapped to a gapless gauge field, suggesting a
similar scenario here. One significant quantitative difference
between the spin-1/2 and spin-1 cases is that, in the KSL, the
spectral weight at the gap decreases considerably faster in the
spin-1 case as field is increased, whereas the ratio of the in-
tegrated intensity at low energies in the intermediate phase to
the integrated intensity of the zero-field feature is roughly the
same, ∼ 40%, in both cases [25].
Next we turn to thermodynamic signatures, with the spe-
cific heat as a function of field magnitude shown in Fig. 3,
calculated using the method of thermal pure quantum states
[38, 39]. There are again three distinct regions easily visible,
corresponding to the KSL, intermediate phase and PP phase.
At zero field there is a two-peak structure to the specific heat
[40], just as in the spin-1/2 case [41]. This reflects the two
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FIG. 3. Specific heat Cv(T ) as a function of increasing field. At
zero-field, there is a two-peak structure, with the lower-temperature
peak, associated with the plaquette variables, sharply bending down-
wards as the field increases, disappearing below the temperature
range accessible in our calculations in the intermediate phase. At
high-fields, there is a single peak, as expected. The black dots in-
dicate peaks in the data, with their size scaled relative to the peak
height.
defining properties of the ground state, finite expectation val-
ues for purely nearest-neighbor spin-spin correlations and for
the plaquette operators. For the spin-1/2 case, these proper-
ties reflect fractionalization of the spin degrees of freedom,
and are associated with the mobile Majorana fermions and
static flux excitations, respectively. At the higher-T peak, the
spin-spin correlations reach their zero-T values whereas at the
lower-T peak the plaquette operators saturate to their zero-T
values.
As the magnetic field is increased we see that the lower-T
peak strongly bends to lower temperatures, while the higher-T
peak remains virtually unchanged. This indicates that the tran-
sition is driven by the plaquette degrees of freedom, with the
drop of this energy scale consistent with the drop of the gap in
the dynamical spin structure factor. In the high-field PP phase
a single peak at T ∼ O(K) is recovered, as expected. This
behavior is again essentially identical to the spin-1/2 case.
Finally, we remark on some static ground state properties
of the intermediate phase. In Fig. 4(a), we show the nearest-
neighbor, next-nearest-neighbor, and third-nearest-neighbor
spin-spin correlation functions as a function of magnetic field.
The low-field KSL state is characterized by AFM, i.e. nega-
tive, spin-spin correlations, with the transition to the interme-
diate phase accompanied by a change in sign of the second-
and third-nearest neighbor correlations, and then the final
transition to the PP state resulting when all correlations be-
come FM, i.e. positive. In Fig. 4(b), we plot the expecta-
tion value of the plaquette operator 〈Wp〉. While we have
〈Wp〉 = +1 at zero field, this quickly decreases and goes to
zero at the transition to the intermediate phase. It remains zero
throughout the intermediate phase and does not display any
signatures as the transition to the PP is crossed. In this case,
this behavior is actually in marked contrast to the spin-1/2
case, where 〈Wp〉 continuously varies throughout the interme-
diate phase, only reaching zero at the transition to the trivial
PP phase.
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FIG. 4. (a) Spin-spin correlations for nearest-neighbor (NN), next-
nearest-neighbor (NNN) and third-nearest-neighbor (3rd NN) as a
function of increasing field. (b) Expectation value of the plaquette
operator 〈Wp〉, which vanishes once the transition to the intermedi-
ate phase is crossed.
The microscopic mechanism responsible for the generation
of the spin-1 Kitaev model in candidate materials also gener-
ates a finite FM Heisenberg interaction. Interestingly, a sym-
metric off-diagonal exchange term, Γ, is absent in the fourth
order perturbation analysis of Ref. [7]. We thus consider only
the effects of a FM Heisenberg term.
In the absence of a field the KSL is destroyed when J/K =
0.08. The phase becomes less robust as field is increased, with
the phase boundary shifting to smaller and smaller J/K. On
the other hand, the intermediate phase appears to cover a much
smaller region of parameter space, with a maximum extent of
at most J/K ∼ 0.01. This demonstrates that, though the
intermediate phase is indeed stable to the physically relevant
addition of a finite FM Heisenberg term, it is significantly less
stable than the KSL. We also note that if a material is already
magnetically ordered at zero field, it is not possible to access
either the KSL or the intermediate phase at finite field (at least
within the Kitaev-Heisenberg model considered here).
Discussion.– Our numerical analysis of the spin-1 AFM Ki-
taev model in the presence of a uniform magnetic field us-
ing exact diagonalization has yielded a phase diagram, where
the evolution of energy spectrum, dynamical structure fac-
tor and specific heat as a function of field are all qualita-
tively similar to the corresponding spin-1/2 case. These re-
sults might perhaps not come completely unexpected. Firstly,
though increasing the spin magnitude from S = 1/2 to S = 1
generically reduces quantum fluctuations, it need not neces-
sarily significantly alter the physics of a system, particularly
in highly frustrated models such as the Kitaev model, which
does not exhibit long-range magnetic order even in the clas-
sical S → ∞ limit [42, 43]. Secondly, though the zero-field
spin-1 model is not exactly solvable, as it is in the spin-1/2
case, it does share a number of its characteristic features, in-
cluding an extensive number of conserved Z2 plaquette vari-
ables, purely nearest neighbor spin-spin correlations, a two-
peak structure in specific heat and a sharp gap in the dynami-
cal structure factor [32, 36, 40]. Taken together, our numerical
results thus imply that the nature of the gapless phase that ap-
pears at intermediate field strengths is qualitatively the same
in both the spin-1 and spin-1/2 cases. This leads us to con-
clude that the intermediate phase is a U(1) quantum spin liq-
uid with a neutral Fermi surface.
This characterization of the intermediate phase also allows
us to shed some light on the nature of the low-field phase.
In the language of fermionic partons, the intermediate phase
would correspond to a metallic phase, with a Fermi surface of
partons coupled to an emergent U(1) gauge field. One possi-
ble scenario for the transition into the low-field phase, which
has first been put forward in the case of spin-1/2 moments
[25], is that this transition is a metal to superconductor tran-
sition. For such an Anderson-Higgs transition, it is the U(1)
gauge field that would be Higgsed, i.e. become massive, and
turn into a Z2 gauge field. Translating back to spin language,
this would be a transition connecting two QSLs – a U(1) QSL
with a Z2 QSL. Such a scenario is particularly tempting if one
recalls that the spin-1 Kitaev model at zero-field indeed pos-
sesses an extensive number of conserved Z2 plaquette vari-
ables, which further suggests an emergent Z2 gauge structure
[44]. Going one step further, it is then natural to ask whether
this low-field phase is, in the language of the partons, a gap-
less or a gapped SC. Maintaining a gapless SC throughout an
extended region of parameter space generally requires either
fine-tuning or the existence of symmetries to protect it. The
model and field direction we consider here possess very little
symmetry so it is unlikely a gapless SC could be stabilized. In
the case of a gapped SC, it can either possess an odd Chern
number, as in the spin-1/2 case (C = ±1), or an even Chern
number (including C = 0). However, distinguishing between
these two possibilities, which in spin language correspond to
non-Abelian and Abelian QSLs, respectively, is a major chal-
lenge. On a more speculative note, one interesting possibility
is that the half-integer KSLs realize non-Abelian QSLs and
the integer KSLs Abelian ones, or in parton language the KSL
is a SC with, e.g. a Chern number C = 2S.
Finally we comment on the potential experimental rele-
vance and observable signatures of the physics discussed
here. It is important to note that a crucial ingredient are
antiferromagnetic Kitaev interactions. While such antiferro-
magnetic couplings have not been observed for the current
family of spin-1/2 Kitaev materials [5], it has been argued
that they arise naturally for spin-1 Kitaev materials [7]. A
number of candidate compounds for such spin-1 Kitaev
materials have been put forward, with honeycomb Ni oxides
such as A3Ni2XO6, with A = Na, Li, and X = Bi, Sb, being
amongst the most promising [7]. Assuming that a candidate
material with AFM Kitaev interactions [45] is found, what
are the expected observable signatures of the intermediate
phase? For the gapless QSL with a neutral Fermi surface
put forward in our line of arguments, one expects, e.g. lack
5of long-range order, power law heat capacity, finite thermal
conductivity as T → 0 and a featureless inelastic neutron
scattering response with spin spectral weight at low energies
across the Brillouin zone. However, it may be that a candidate
material, due to non-negligible non-Kitaev interactions, does
not actually exhibit the phase as a ground state, but instead
may lie ‘proximate’ to it. In this case, signatures of the
physics here may still be accessible at elevated temperatures
and energies, as discussed for the current generation of Kitaev
materials [12, 13, 18], but concrete predictions for such a
‘proximate U(1) spin liquid’ requires further study.
Note added: During completion of this manuscript two re-
lated preprints [46, 47] were posted which use density matrix
renormalization group techniques to explore the phase dia-
gram of the spin-1 Kitaev model in a magnetic field. These
calculations concentrate mainly on the low-field KSL phase,
presenting multifaceted numerical evidence for a gapped Z2
spin liquid in this regime – complementing our study focus-
ing on the nature of the intermediate gapless phase. Taken
together, these studies provide strong support for the scenario
of an Anderson-Higgs transition in the spin-1 Kitaev model as
put forward in our discussion.
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